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The NASA ST] Program Office... in Profik

Sm_e ff_ fmmdin_. NASA I_t Ix_._ dedicate4 to
the advancement o4 aeronaut_._ and sj_aee
wterw'e. The NASA boX.nitric and Tt chnical

inlrn'mation (S 1"1)Program Office play._ a key part

m help_.ng NASA maintain this important role.

The NASA 511 Program O_ficcisoperatedby

Langl_.vResearchCenter,thcLt,ad Center for
NASA's _ien_ifi¢and technicalmforn_atiov,.The

NASA ST] program Office pros ides access tn the
NASA STI Database, the iarsest collection of

ae:onau_tca! and ,_pace science STI m the world.
The Program Office ia abo NASA's in.shtutiona!
mecha:_m for dis_Prnmatmg the re_ult._Of its

re.arch and develol_nent actn'itieb.These.:es.ult_
,_re published by NASA in the NASA ST][ Report
Sert_ which include_ the following topoi1 _s]_t_:

TECI [NICAL i_ BLICATION. Reports of

completed research ora n-_torsignificant

of re.arch that present the results ot
NASA programs and ina'ludeextenaivedata

or theoretical analysis. L_ludes compilattons
Of slgrLihcant bcientifk- and technical data a_l
udormatk_ deemed to be of coneinutng

r_erer_e vahw. NA<;Ns counterpartof pecr-
rt_k,_-ed formal pmfc_,ic_alpaper_ but
has k_s _tringent iin,itationt on manm, cript
length and e_tent of graphicprewntations.

TECIqNICAI. MI_IORANDUM. f_g_ntifk"
and tedmical tmattrko that are preliminary or

of specialized inten.'_t, t'.g, quick relea.*,e
mp_s, working papers, and bibliographies
thatcofaam minimal ara_tation. Does not

contain extenswe a:_aly,_i,_.

CONTi_CTOR REPORT. 5ctentihc and

technical f_-_dungs by NASA.._poru, ored
contractors and granters.

CO_NCE PUBLICATION Collected

papers from Kientific _ techr6ca]

conferences, so/rn_sa, _minazs, or other
m_qing._ sponsored or cospon._ed by
NASA.

SPFCIAL PUBLICATION. Sdentific,

technical, or historical intorn_tion from

NASA prograrnt,projects,and missions,

often concerned with _ub_ec_ having

_ubstantialpublicinterest.

TECHNICAL TRANSLATION. En_Ibh-

languase translationsof foreign gbenttfic

and tccl'mical material pertirtent to NASA's
mission

Specialized servic_ that complement the STI
prosr,_m Office's diverse offertn_ include
creating custom thesauri, buikJins customized
data ba_es, orgamzing a_d publishing re,earth
rt_ult._.., even providing v ideo_

For more h-_onnataon about the NASA ST]

Program Office, awe the folkrwing:

• Accest the NASA STI Pro_am Home Page
at kffp://w_t_w.stLnasa.gou

• E-mad your quer_ionvia the Lnternt_ to
ht.Ip_sti na_a.8ov

• Fas your question to the NASA Ace--s
Help Desk at _l-O21--01M

• 'Ielepho_e the NASA Aces, Help Desk at
301-621..O.'_0

Writeto:
NASA A_cess Help ['N_k
NASA Center [or Ae_C, pace Information
7121 Standard Drive
Hanover. MD 21076
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Softwm'e for Siillticl Analy_ of Wdbull _ With Application
to Gear Fafgu¢ Data: U_r Manual With Verification

Timoihy L. Krantz
National Aeronautics and SpaceAdmini.qration

Glenn Re._ai_h Center
Cleveland. Ohio 4413£I

$.mmry

Tilt Wiibull di.qritmtion his bccn v,ldcly adol_cdforthe ;,ilitistical ditcripiion _ inference of
filtillu¢ dat_. This document provick._ u._-r in_,iructioil.s, examples, and verif'lcatiim for loflwari to analyze

gear falisu¢ lest data. The _oftwarc was de_'eloped presumin_ the data are adequately modeled using a
two.pawmeter Weibul! di_-ibution. The ca]culalions arc ba_ed on likelihood methods, and the approach
taken is _,alid for data that inc|uck type I cenc,cginl. The _oflw,_re _a.s verifigd by rcproducinl rclult_, plb-
li_.d l_ otherl.

Introduction

Tllil _ wovkks i_ler ilmnlcliom,, examples. _ virifl_tlon dill for toftwlirc to analyze Ileal
fatigue te._t data. Tbc bocrlwarc wa_ d_.¢lopgd on the pt'e_mptio_ that the data are adequately modeled
using a two-piran'_ter Wcilmll distribution, it it b_ed oft tbg likelihood rrmhods ckscribcd by Meeker
and _coba_ t 199g). The software can b¢ used to cktermine

I. Ma,iimum likelibo_ ¢stini¢i of llic Wcitmll di.,,iriblition

2. _ for contour plois of relative likelihood for two parimetirl
3. Data fog contcw plots ofjo_nt confidence regions
4. i]ll for tl_ profile litIlilgiod of tha W¢ibull dittributiorl pairs

_I. Data for the Inofilc likelihood of any percentile of the distnbuticll
6. I.Ak_hhtxad-batod confgk'n_e intt,_als for parameteri and/or percemiles ofihe di_lribulion

The lofty, are can Ic¢_mi f_ lea that _ _u.<,t'l¢llde.dl_ithout failure. The liatiuicil tmlirtololy

for lulpimtod I¢ltt is "ccniorinll." The arlllytkil approach for the _flware i_lvalid for type 1¢¢n_rinil,
_lhlch i_ the ream'ill of unfaikd unit.l lit a pi¢lp_'ifigd tinli. Confkknce regions and inlierval_ arc calcu-

usinll the likelillood ralio n_.hod. Guidance for the philotoph_ and interpretlliion of itatlitkil col_fi-
d_c intcn-_Is can he found in the text of Hahn and Meeker {19911.

Tht W¢il_lil distribution hl_ _ wkl¢ly adoplcd fm the _,,lalislical degripiiorl arid infer_lce of
fiilue dala. The _,eibuli cumulative diimbution function F i_ckfirgd as

l.heli I ii till tui Io fllllire. II b she i&lipi lillrlmtltl. _ il il shestile llarl_l'_ '. FIw the Welbull

dllll_bUtli_l, lht lwobibility dclvlll)" [tJll¢lion ci ha_¢ u vanely of dla_i. Ind lhi hazard funciioli may
hi an mcreatinll or decrea_inll f, ncli_, nf time. The _hipe_ of tlws¢ curvet ok,pond all). on the lhipe
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psrawmer. Typtc_Jly. sugfac¢ fSlilpS: data ft_ gear_ have di,tribudons with thal_ Ix_r_ less Ilum

thtt_. Tl_fca'e, the _li;). di.qril_li<m funclicms typically art ske+¢d righl. Po¢ a Ilivcn Weibul]

di+lril_tim, one gm detmne the mode, mean, median, variance, and higl_,r raon_nts amaiyli¢ally by

employing the ge_rnma function ICohen. 1973),

T'me soft_a,re ¢|¢_eloped Igrgin w_ v.riuen in the PqORTRAN 90 prolpamming language. Users of the

f,oflwar¢ are required to write shots Itl_in pr011_rl_ thai provide tb¢ data to be analyzed stud alto call the

appropriate sul_incs. The ¢xample_ prorated in thi_ manual were compiled using the Milrmoft

P_,verStmkm Fortran Compiler, version 4.0 (Professional Edition).

The data analyzed at c_rnpk_ fm tbi._ doeurmm +table_ 1 _d Ill are d'm,se from Fear fatigue exper_.

me_s. These data have l_eviottsly betm analyzed using rqFessim-bLsed methods, and the r_ults

reported, Krmtz et al., ."_00_. The data arc again analy;,e.,:l and repoaed in thi_ doeurmnt usinl soft,arc
based on ltla:lilv.xxt mctlggh.

Venfilauon i_orr_xlon foe dg toftwm'¢ b provkk'd in aplg'ndix A. The software ,_as verified by

r_mxlucing rt-sults published by M_er and E*,¢ct_m" (1998). Appendix B provides d_¢r_ptiom and

msm_ton+ for using _Moutinls. Some calculatio_ require flw use of rouline_ from a thtndard math

tulm'mline library (IM$1,, 1997; IMSL it a rt:glutlred Ira_enau'k of Visual Numerics. Inc.) or an equiva-

lent Subroutine ,maxll (appendix B) i_ bated on II1¢ code of Koats. LamT¢nc¢. and Wanll ( |99+_.

FJdmates of I)btrfbutJoa Parameters

I)_Set I

'i'k nmm pmlPam a_ amdyzed tbc data o{ tabk I k:, p,f_ kk maximum .li_a_lilmod estimage_ o( the

W¢il'mll _imrihution +ha_e _ scale param_¢rs is presenled belo'_, a_ _ourgc code 5s|ing I. Alloeatable

dimensiomns is used (lines 8 and 9_ to make certain thai the array sites match the value of "n,' II1¢ ,.ati-

abk tha,.'ribing dw nasr_r of wsts (line 7). Fat the trra) "censor." a value of "zero" i_ given to indicate a

test mn to ftdum wherea_ a _al_ of "'uric" i_ siren to indh:a4e a t_st smp_ded withoat failure Ilines I0

to l 3 _. A _all to s_romim ,.moT//prnvtdes maximum likelihood e_tntale_ of shape argl slide pamnmer_

N,I_._.'I_I--2002-211109
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(Jm¢ 401. W_h [he maximum hk41ilmod vah_ for the Jh_ and _ :viable. m_o_inc wbtirn.¢rst
Ix_'id_ nm_imum likcl_x_d e_mes for any desired percemik of inten_ (!_$ 48 to 52).

The main pro/ram pr_luccd the output prcJcmcd below following source code listinj 1. TI_ rr_xi-
mum likelihood eslimales for shape and e_.ale parameter_ are 1.037 and 376.7. respectively.

So_r_e CQ_e Lis_i.'_ I

;_ t;me ) • St.|O
;; L,me 4 • _.(8

_¢ _;,r,m _ - 19t.4l

_ tlme _ • 29) S;

_9 9!Iv- '1; • 1_4 _l

3; 2|_d_'14 _ 3_¢ Dr

_J _ A-_._

_ en4 _

4; _r_to,2g,19S,

_2 vr_te*30.l_(, state I¢l;e
4) ;)O |oz--at II¢.;.' test _i_e$ ')

44 ;_1 _o_'_t fl¢._. ' LI6_ _blj;,er,41eJ ',

4( T)_ for_i • shame • ',e;_.4 ' _:a;$ - '.e_2 ¢.

4* frac * D.C

41 _ :el.t
4q fra_ * fra- * h.;

Sl vri_*'2_o:_ ffi_ .;fo

$S e-o;
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producedby thi_wrenp_zn_n wm a_folk_v_s:

[atbnxtes of i)btribuflo, i_mmm_rs

Da_S_ 2

The nmn _ that amdyz_l the da_ ofzab_ I! to provide maximum likelibood es_inu_s of tbc
Weil_[I diszribuzion_hape and rs:al©perammcr_is prc_¢ntcdbek_ as Jo_rce code liszinj 2. The _rce
code li_tinj 2 mirrorssource code liszinj_I. differing only in the lmcs dcfinini thc number Jmdresuhs of
cxpm_xnt_ (Lines? w 32). _ mainproiram Foduc_d_heompmpre_.ntedI_low folk_ini l_ur_c
codel_i_ 2. The maximuml_cliJ_/¢_lir_tcs for shai_and_ale I)_rarn_¢'_are 0.8616and103.0,
respe_ivety.

: . m:f, Fro_lra- :¢ Ir.l|y'_e 8._perfielst" _r fa,_:_ ,.r_- res_._:8

I .nte11_r n.

5 :.r, tl_l_lr, a;;ocat_u_e: s CIf.IK_'. (.
real sr, epe, o¢-;e. £ ra:, ; ;_e

_) l|*,_',_'.ifll*'Cl,'ilDl (l:l) ,

:; :_¢.ln_:l, • C

;z _ i*'l,r

_( o_e_,_:, ft_,.'s_i_re_;| tx; °)
;: . k_l I_ RI_F'_ TO If-rTllt .'_1(l AJI._Y 01_ TIlT T:I_[I

;| t:*_';)* _.¢0
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_Ct_.te'l • IS.e.;¢

34 t_e ",.o )1.)2

;6 t_um L, 4:,.'_0,

l"J e'l,Je_,':$_. S'.. _';

J+ tAre'A_- A3).31

_., tA_re,Ag,,, ..'_._.0;)

J_ wrz:e;_.ll;O, t,A_e,l'.

4: Ol_e Af +¢s.'_l_r(._ .eq. 1 _ t_+n

_1 v:.:e':_.lC:.) tA_'.a,_l

4) er,_l _,_

44 _11 _al; t:,_ :er._v._r.n a'_a?'.,ca'.e

++ vr+te _0,I0$, IP_;_. 1_'+1_'

_,'_ IO_ fnr'atCflO._.' test +.:_ed ')

SO ;0_ fo.--ae._." s_T.e • ",_'.;_.4,' _a'.* • ',e:_.4

_: ._rllr • O.P+
S:_ dc :,I 9

!I f,c - fra.- • £._

.+4 ca,. / v_l_.ver, rebate, ece_e.f.:.l_fa.
:5 wrlte,_D.;3",. -*tic' |Ill

$9 I:G;

prodw._dby thismain proemm was as follows:

+.CO te_t re:led

|.;_ test fatle_

1_ _+ tes_ fa_le_

_; _4 _IR fa_le_

)S._C tes_ fa:le_
_O._; test fe;_e5

49.4 _ tilt la_le_

S+._) test fe_leJ

St.l _ test fe$1e_

+G.IA test flail4

1;+,¢" seat |a_e_

_];.95 Lest |o;Ae_
;))._$ test |a;;o_

JC:.C: felt l.I_l.'_hl$

lm_ • .IiZll-C¢ t:els •

.2: Ft+;;_+L_cm ZAtm .

• ): ;rq;_r_|_h |;re e 11 l:l+
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Joint Co.fldence Regions

Deu Se_ 1

The main programthatanalyTedtl_dataoftableItod_tcnnincjointconfidencer_-_ionsforthe

simultaneouse_ima[_ oftheshapep_rameltrand I0-percentlifei_presentedl_low assourceccx_lisi-
in¢3.Outputfi_.sware _|u.'nIopr_vid_da_ forlikelihoodratio_and confidencelevels(lines25 to28).

Alloc_abledir_n_icmmg isu_d tlincs30 and 3I)to_8_© certainthatthere'raysizesmatch thevalueof

"n,"_ varia4_I¢d_6cn'bingthenumber ofte_t$(ii_ .'_.Forthearray"censor,"a v_lu©of"zaro'"is

IUventoindicmea testrun tofaiin__her_'asn vaiucof'one" isliventoi_lica_at_t mSl_'nde.dwith.

om fa/lu_e_I/_$32 to37h The r_n_eofvalue_fortheshapeand _dc pm'an_'m_ mu_ be provided¢lines

59 to62). A c.alltosubrou|in__,71o_wprovidesthedatarequiredforcontourplots.The subroutincw_s

_lls IoFO_TRA._" uni_ humbled 9 and I0.The oulpulfrom thepcosr_ istwo datafiles,each¢on-

udning 11581I_nes. Each line co_si_s ofthree nun_ers corresponding to a IG.per_n| life value, a shape
parameter v_iuc, and cilhm" Ihe likelihood ratio or the likelihood-rmio-l_ed joint conf'_.nce value. Thc
j_int c_f°_-nce values arc displayed as _ cowwur plot (fig. 1). providinll a graphical di_lay of plauxible
values for simultaneous e_imme_ _the 10.pcrccnt life and U_eshape pK_eter.

0.8 _ _"

0.4 i i, l J A I l
0 2O 4O _0 8O 100 120 1_0
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II mii_ I_ lili lilt/rid lhi i of _ Ii m ck_-Imi_ joiai conf_k._'e rqp_f for Ull
_iln,lllio, seMimll_ ofit_ 4hilt llrimilir _ 10-1_rclmi lifl i_ i_retcnicd Ixlo_ is _rce code li_i.

ilil I. Tk _oiJi_c codi liblin I 4 mirioi._ i_tr¢l cil li_lin ! 3. _ OUlllUl fioili Ihl pioinim il i_o dii
fill. ti_h ¢onlninl 1681 lines, lh iinl ¢oniisit 7 lhil{ numl_er_¢oerc_pondinl io i 10-p¢_int IL(©
vilue, i ._hapepau'lnlclilr vihl¢. _ cii_ tile likelihood rlilo or the I_celihood-miio-t_ed joini confi-
dence vlJue. The jolnl conr_ence vlluel ire diipliyid is a ¢onlolir ploi (ill. 2). pro_'idinl pla,_ihle

valuis for tlmuhineoul estimates of the lO-peTcen! life and the shape parameter.

1,4 -

_lhe

ll_il¢t .'_tl l.ll_il_ i

• !ill. ti;_tlll li _ll¢_ll*,l ;_._t,lr,_o4 tlltl ¢i_'_ll_l'tr7 _'e_*_.lr#
Ir'l ._e_ll.'.'l llltellllll _'.O-ll if "/tit'll; 4t_i::ll_lt_l #l _l" fl_lei'i'_ d/tl

•,l_,_l liotllll jl/llll_.ll i_it It,@ lye lirl'*_*-'lI_ i¢,
Ill lil*._# Ill lne llillll ltil I-/_.it il.'i_l lt'_ll i.. llfl
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Profile Llkelikmd mad ProflJe-lJkellhmd.Based Conadence Intervals

Dma Set I

The main _ that dc_rmin_ the prufile likelihood and profile-likelihood-bamed confidence

inter_'ah for the IO-percent life fc_ Ihe data _ table I is presented below Is sourcecode listing 5. The
mare proem determines th_ profile likelihood over a mnie of value_ for a specified percentile of inter-
¢._ m thi, ca_ _ 10th percentile. Any percentile can be inve_if.atcd by chtnilms one line in the code
f_" vanabk "pfr'_" (line 49,. Aliocatabl_ dimensioning i_ uu_d(lines 18 and 19_ to make certain that the

array _i_ match tee ,,alue of"n." tee variable de_ribinll tee number of tern *'line 17_.For tee array
"cavor." a value of "7_ro" is given to indkatc a _t run to failure wEer_ a value of"one" 14siren to
ind_me a _-_t _uspended _thout failure (line_ 24 to 29}. Array "time" (lines 3! to 45) provides the teq

tames. TEe subroutine ph.percem is caikd (line S6_ to determine the relalivc likelihood rttio for a speci-
fied lO-perc_en! life. By callinll tee su_outinc repeatedly within a do-loop Ilines 50 to 59). d_a fora

profile-likelihood p)o( m calculated. The ouq_t from tEe main prolFam w_ plot_d usinj two vertical
u:aies to show both the profile-likelihood r_io values and tee cnnfidence level _fil_. 3}. Table 111li,ts

tome profile-iikelihr_ rati(_ and the corresponding cem_'tdence level. A 90_per_ent confidence interval
for the IO-percem life is thov_'n Iraphkally on figure 3. TI_ k_er and upper bounds can be det_fined
more preci_ly by runninl the pro&ram asain wi',h an appropriate range 04'values for the IO-per_ent life
_fi_s. 4 and 5).

A_I} f OREF.Mq'J_D|N¢_PROFILE.
I|KF_ IHCIOID RATK3_

40

,w)
.90
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9.*
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-- /-_, '\0.8 - '_, - 0.0_

"\',\ OJI4_

Odl ,%, 0,70

-. 0_10

0.4 \,
"'- ...... 10.1'0

0 _0 _o _o ,to eo 0o TO tO t0 500 5_0 _0 5_o 5_o

Figure ;),-,Pro_o-mum_oa meoe en_l mrdldo_©e tevehs got 10_1_ I_ _ordm_ o_
tm_e I,
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0.30 ,'"

0_0111 IT IB N tO0

11_ m_ormJl+rmpAT_rctnr call_l b> d)c main prv+Iramdck-rmincs II_ slmq_and _ak f, cton corrc-

lpo_lin8 Io _ Im'itell ]il_Iihood VldU¢I_' an iIcmliv¢ m:m'¢hrlr_lh<)d. This n1_thodrcquirm lhat m_i-
mum m'_ minimum vah_s for the t,hal_ lWu'arn_r b¢ provided to bcl+n the mh. The minimum and

nmxinmm vMues ,rod in this ,Pxamp_. m'er+haz_odcd in I_ mbromin+ a.,+0.03 m_l 8.0 r++l_¢_i_,ely.
U+,¢r_ ++ho +.ish to m_lyze d_t_ _eu d_t r=qu_e inslxCtlun of _hal_ _.I_: o_t,idc dg ju+t-:ts_d rtmigc
_od to m_if)" th_ mulwmalin_ (appendix B j,
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TI_ mare l_rOl_am tba_dqrt4_n_'d 15_ _ofile likelihood arid _,n19)e.llkeli_h_od-bl_=d COl_:dcn_¢
imcrval_ for I_ lO-IXrCcm I_c f_ th_ data of tabk il i_.pfeumted below at u_e c(_k lisling 6. The
main _ mim_ll dial I_r Iou_c ¢_ 5. TI_ _tput from the main proiram wa, t')l_ttedu,iing
II,,o vemcal .,,cale_IOshow l_xh the profile.likelihood ratio valu_ and tl_ confidence level (fi8.6).

A _O-l_rCc'nt comrxlence inte_'al f_ lh+ 1_p_rcent lif© i_ thown int_ically on ilium 6.
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The +ubroutmc plvl_r_rnr called by U_cmain program determines the _h_l_ and _alc factors corrc.

6ponding to the larlest likelihn_l value by an itemtivc m_rch nxthod. This n_hod r(_luites that maxi-
mum and minimum _alues for the shape parameter be _ovided to begin Ihe search, The minimum and

maximum values u._d m this exsmph_ were hankock:d in the _bwutin¢ as 0.05 and S.O respectively.
L'sets who _ish IO an+lye+ data _I+ that t_uir¢ insl_:ction of shape values outside the just-slaled range

to modif.,, the Jubroutine (appendixB).
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Wdlmll 15ol Willh Confidence lntervsl_

Ptufilc-lik_lihood-bat, ed confklence imcrvals can he d_crrnined for an,, pctccnsik of imercn u_in8

main prot_ram,_simihu" to m_ur_c codc li_linjs _ and 6. The variable "pfrac" dctermin¢,_ I_ percentile to
be investil.awAl. For example, _inf "pfrac - 0.30'" one can calculate data for the 30-percent life. Co]lec-
Uom of suchconfidencein_'rval_ were caicul_ed, and theresultsarcpro_ic$cdinfil|ure_ 7 and 8. Th¢_

two figurea are pl4xlcd uainl Wcibuli _uordinate_ _ th_ _. Weibull cumulati_,ed_/nhutit'm frequcnc)
•,il] pi_ as a _railt_ line. The _tt data pomut Ire plo_t_l It the ptmihuns of exact median rank,t (h_'iuelin,
1993L
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Summary of Ram!_

Sofl_'Jmet_ _ devek_d to _ulalyzc #ear l'au|uc u:_l d_a. The source code lislins_ di,_u_qd
prm.ided examples illustrating how to define the te_t alma to I_ analyzed and hv_ to call the aFpr_riate
mbroutir_ to analyz_ tlw data. The soft_ are can be u.,,ed to determine

]. Maximum likelihood e_tirrm;es of the W¢ibull distribution

2. Data forcontoor plots of relative likelihood for two pararncter._
3. Data fc_-contour plot._ ofjoinl confidence r¢lions
4. Data fcq the profile likelihood nftbe Weibull distribution parameters

5. Data for the profile likelihood of any percentile of the distribution
6. Profile-likelihood.based confidence intervals fur par.uneters and/or percentiles of the distribution

Contour plots of relative likelihood (no_ illustrated m this document) can be nbtained from the output
fiks as prex ided by. source code liq_nf_ 3 and 4. Profile-likelihood calculalions for Weibuli disuibution

pararr_ter_ _crc I)ot illustralcd difcct]). A poinl for the profile.likelihood plo* of the Jthape parameter can

be determined using tubroutir_ wlmrio (appendix B). A profile likelihood for the sca_e parameter can be

obtained using a _rc'c code in the n_mner of listinst 5 and 6 and analyTin_ for the 63.2 pcrct'nti_c
_"pfrac" m0.632 _

I_A_IA_rM-- 201_..211 t09 16



_A
V_ of _wm'e

l"n_ _yf_war¢ _a_ verified by rq_'odu_in s resuhs publi_d by Mc_kcr Ind Ewubar (1998). The main
prolp'arr_ to prodm:¢ lh_ fisures in this zppendix (fiBs. 9 to 14_were mmilar to the _r_r,:¢ code Ibtinjis
found m the main body of Ibis document.

O,?-

O.a-

0,6--

0.4--

o
• " .100

• 0 010/

I.I 10.0 10,2 10.4 10,41 t 0.II
III

It,gumI.--¢o,_oum of m_ m,,mo_ ratio. Wo,O_ m IM,wnetw D • 11_
lindWeil_l le.._ imrmngW q. exp (ld. In t_e mi, ln_ of fliNm 1.1 from l_l_kw
md _gqN¢
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AppetMIlx B
fmbroutine Ducrlptlom and Uxr lmtructlom

s_mmtlm CClIECK

A subroutine Io do "error" checkin_ of, censonn8 an'a),, all _'a|ucs should I_ either I ur0 intcFrs.

Umlle

_ubroutir_ rrheck In, censor)

Arlmm_

I1

ccn_or

Cqmmmm_

size of .tray "ccn.sor" (input)
an'ay of dime_ion {n], censoringinforn_ion (input J

If all elemen_ in array "cc'ne_r" aqual cilhcr 0 or I, n_osclion is tukc,n.

Ifa_y elemem do_ _ rncel the criteria, a line of test il _rigtcn to FORTRAN unit_ hundred 6. 9.
a_ 10. and _tgn cxecu_on of Ibc ma_nprolp'am is hahed

OsUlNr_Ummlllml

2_
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S_l_r_rl_ CC'IIIF'..CK2

A _u_lin¢ t_ do err_ ch_'ckin| c,ncenmt'mlr arra_,..AI! valuc_ shc'_ld I_ eill'_2"| o1"0 in.sets.

tUlp

su_oulzne c'chtc _2 (n. ¢_sc¢)

A rl_men_

n

_; G,TI _,oI"

size of arra)' "_,'cn_or" (input)

an'a) c_dirne_si_',nIn], c_,'n_c._ini_information (input)

If aZl¢i_cnts in a'ra)' "CelnSO1"'e_lu_l cilhc-r 0 nT I. no _'li_n is h_,n.
It any clcn'N.mt ch_e_not rnc_ tl)c _'ilcria. a line of_xt is _ri_cn _nFORTKAI_ units nun'_crcd 6 _md

OIb_. iil_l,m'lmm _dlN,d

Non_

_2

Iii Ill



.e/lilmltli _III_tAXIJL

A tulxomi_ to ca_culale the n'_imum ilkelil_'xl ¢_tirnatti of the_a.l¢ paran'_tcr fen a two.
pmarnc|cTWeibu|l di_bution, fc_ a prc_rned sha_ _ cenr,ored data.

t_llt

Arlpnmm_

tlmc_ (realarray)

n (int_ger_
censor finleger array)
shape crgal,
_ale (real

array of dirr_n_ir_ In]. te_t time,; (input)
_i_ of may "cen.,,or" ,input p

array of dirncnsion [n]. ¢cmorin8 information (input)
presumed Weihu]l sh_ parameter cinput)
cak'ul_ed Weib_ll t,cale pata,'neter ¢output_

Cm

This famine i_ ba_d on the code pubhshed by KCaL_and Lawn.'m.e (1997). Allhough argumems
arc pas_cd _ singk: pr_ision, cakulation_ v,ithin the _ubn'mtine are done in double prccbion.

Forarray"crn_.'"•_aluco11"0indica_¢._a _¢sttofailurewhereasa valueofI indicatesates!sus-

pendedw_thom failure (type I c_n.r,oring).

OtlNr mbremln_

._Olllg

._,_S&q'M---_fil02.211109 2:_
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lflLVIPI_Cg_T

A s,_sroutim to cak-ulat¢ a poinf on a profile.likelihood curve for • Wcibull dittribution st a parlicu-
let curnulaliv¢ d/slributi_m function ¢CDF) percentile of interest and a presumed value (or the ti_ to
fadure al thai pcn;ent,le. Thts routine can b¢ eallgd repeatedly using different _alues for the assumed

1_me to fai|,r_ _•tin_ _ to genera:e data for a profilc-lil_¢lihood cue e.

L'01all_

subrmnine pt_perrenr (Itm¢. etnu_', n. alamo, pl'rag, ralov. _blv. _hlv)

Arll_mnU

time (real array_

cenm¢ (integer an'a)'p

n {integer)
st_mc _[r.al)

I_ra_ _real)

naio _'nml)

_bh ,rr.al )
_:1_,,, qteal)

array of dinx.nsion [n], t¢s! times (ia_t)
an-ay of dimension In}. cen_nng i_formation (input)

size of an'a} "censor" (input)
ass•reed time to fail•re (input)

a_mmed pe¢¢cntile of CDF ¢orrespo_linfi to
vaJme of alinle (input)

profile ratio for best likel/lg>od valet [blv] foutput9
ahape factor tortes'rending Io blv Ioueput)
scalt factor con_sp_din I to hlv (output_

Calllp_lt$

for In_ "¢onwr." e val_ of 0 indical, n •I¢$t to faille svlx._a_ a value of 1 in(litres a test ua-

_tlmm fatlur¢ (_1)c 1censonagJ.
I:)maare m_calcd within the mbromine to avoid cs,,-cn_ vah_$.

The W¢itmll shace parameter re_uhing in _h¢ profile-lik¢lihoo_ val_ is found within the subroutin_

by an ltenlivc mclhod. Th¢ ahape value is found to within a tolerance of 0.01. A rUlgC for the shape rnu_t
be provided to mutt Ibe tier•live Ixoceu. and the shape lau'ame_r resultinll in the profile-likelihood value
matt be contained _thin that range. "rbe _hroutine us_ a ranll¢ fnan 0.05 to S.0. Tl_se values could be

I_ljuslcd to fit the needs ofu perlicul_t dala m, but oae misht encnunter numm'i_al problcrn_ f_ extrcrm
male para_ values $m¢c a is mMgls_ an e_poncnt in ealculalion5. 'rbe roulir_ write& a lin|¢ of t¢xl to
• nil nunfoer 6 if tbe ro_in¢ fail_ to converl_e within 1000 iterations.

om_ iiIwNCla_ alkd

_1_.4Aer14-- :r_02-211109
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Arllwmms

K'ale _real)

frac _real)

life _rc_lp

Cemmt,,m_

None

OqOINrmubroml_s_

Non_

W_bull _h,n_paran'_ier(znput)
Wcibullsc_¢ pa_an_cr _input,

WeihullC[.)Fpcrccntil_ofinlcr_lCinl_)

timeIofailureforprosidedp_rc_ntileo_CDF

I_'A%A/TIbl--_I'_.2111D9
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E_mmdgw WFL_AIPE

A mbrc_ine to calculate We_bull di,_rnbuTio, hkelihc_cl.ba._d profile _ta (likelihood ratio)

v,ql.

_btoutine ,,flslml_ (z. cen_r, n. shapemax. _hapeminl

ArlPmWemA

,c _r_l m'ra)'P

ccn_e_r tinteger AIT0)'b
n (integerJ
shq_max treal)
sha]_rnin (roan

array cff dimcn,ion In], t_t t_s _input)
array nf dimension In). censoring information (input)

size of anay "_cn._,or" (input I
maximum shape value of range to be calculated finput_
minimum shape value of r_tge to b¢ calculatcd finput)

CgllmCmb

For m'ra..,"censor." a _.'due of 0 indicates a test to failure whereas a value of I indicates a test
luspend=d wid_ut failure (t_,.pcI ccn._rinli*.

No ,'mlput_ an: returned to the calling lxrq_m. However, output i.__,'_'',_ to FORTRAN unit
number 9. if a file for unit number 9 _.a._not .vetopened. _e userwi'.j oc proml_d tot a fi|ename.

The likelihood prufik ratio i_ calculated for 41 valu¢_ of the shape factor, the vaiuc_ cqumlly sp_ced
bcxwotm tile valu_ pasted as J_bapemax and _af_,_n. The outlm! wriuen to unit nund_ 9 con,isis of
l_n column._ of numbert of fixed length, where the numbers are the shape factor ax)dthe cMcula_d likeli-
hood ratio.

Data arc rgsci_d within the routsng to avmd extreme value':

Odwr mbreq,Om, c,fled

_.mwd /

f_r_at, emmtt
trark_

KASA,/lI'_5o2GO2 211iO_ 26
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.¢m41zrm__ WJLONE

A _routin¢ to_ak'utat¢Wcibull d_tnbmion likelil_od.l-_cd joint ¢onftdcncc _t_ and¢orre-
q)ondmg conftdence ]¢vclt to bc plotted ab ¢;tmtour plots. This routine presumes that the Wei)'_ll distribu-
tion is parametcrized _' the _hap¢ parameter and 10-percent life,

Uulge

_ubroutine _://one (z. ccnso¢,n. _hal_n_x. shapcmin, tenmax, tenmin)

Arpmcms

z (r¢=l array)
oral, or (integer array I
n (integer)
i_rmx (real,
thal_min (realm
tenrnax (real

_=nmin (real,

arrayof dimension In]. test times (input}
array of dimension [n], cenu'prin$ information (input)
size of array "_m, or" (input)
maximum _hap¢ value of rangc to bc cakulated (input)

minimum shapevalue of range to be cakulated (input}
maximur'3 10-perf.ant life to be cak'ulated (input)
mmnimum Ill-percent life to be ctlcuhkted (input)

For array "cctu_." a ..litre ofO indicale._ a test to failure whereat a vahm of I indicate_ a test sum.
without failure (type ! c¢nm_rinS).

No outputs are retun_ to the callin8 program However. ouqmt iJ, written to FORTRAN unit,
numbered 9 and 10. If fikt were not yet opened, the use.' _11 be prompted for filename_.

The likelihood ptot31e nuiot and ¢ollfidcn_ _'els _ calculated for a full re'my of 41x41 values

( 16111lineJ,) of the a,hape purameter and I 0-percem life, abevadu_ equally =paced helwc_n thenmilcs
defined by the values _teda as s_a to thalmrMn and ttmmax to tenmin, retl_ctively The output
written to unit numher 9 coositu of thr¢. column= of nunlmrt of fix4_dknl;th, the numbers being the

sh,tp¢ pro'artier, the lO-perce'_ life. and the calCUhl_d likelihood ratio. The output _ritl_n to unit number
iO coama o4"_ colunu_ of"numbers of fixed k,nl_h. where abehumbert are _ _J_pe parameter, the

10-pcrcm life. and the calculated joint confidence level.
Data are re_caled v.ithin abe r_tinC tO avotd extreme values.

NOTE: Conftcknc¢ kt-els lets than 10 peseta are written to the outpul fik aq equal to 10 percent.
Conftdetw.e k_elt Ip'e_er than 99.99 percent are mritten to the output file at equal to 99.00 percent.

O_mr mbr_llm_ alkd

.maz//

ch_df_LMSL romine-.-m_ IMSI. t 19q7_;IMSL it a r¢ili_Icred Ua,dcma_ of %'i=uaiNumerics. Inc. )

NA_AtTM- 21302.211109 2'9
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AmbrouJineIocalculal_Weihulldlslril_t_nhk¢lihood-lm_cd joint ¢o.f_.nce ratio5 and ¢orre,pooding
confidence I_'e_ to be plolt_d a_ cov._ur pl_. Thi, r_uline proton, s that I1_ V.'_i_q distribution is
pamm=leri_d b> lh¢ d'mpep_rarneter and scalep,'uro.rt,_,'_(or 6.'t.2-pen:cnl lifel.

Ullte

subroutine ./Ir,,,o (z. censor, n, _,hapcrnax. shapemin, scalen'mx, scalemin_

A_nmsls

z (real arra) )

¢¢ta_r (intclrcr arra) )
n (imcscr)
thapcmax (rcah

shapen'nn Ireal )
t,calcm_x (real
,¢alemm trcal)

array of dimension [n]. test times linput_
array of dimension In]. cenmnng information linput)
size of arm)"¢_sot" (input)

maximum .J_ape value ot"range to b¢ ealeulaled _inp.u
minimum _,ap¢ value of range to be cakulated l inp, t)

maxin'mm _g-,l¢ valm: of ran#e to be ¢alculaicd _input)
minimum ,¢a1¢ value of range to be eak-utazcd linputt

Cammcm,

Fo_ array "_or." a vMu¢ of O mdg-ates a test to failure whtrcas a .,alue of I indiemcs a te_t sus-
pended withom failure flyp_ I ¢¢nr,ocin_L

No omputs arc returned to the calling prolram. However. output is _Tittcn tO FORTRAN unit_
n_mbercd 9 and 10. if fiks wcr¢ not y¢! opened, the user will be promp(ed for filcnamcs.

The ligcli_od profile ratios and confidence levels are calculated for a full array of 41 x41 vaha_
( 1681 lines ) of the _,hap¢ p,_ramcler _ _I¢_¢ pmlTlClCT, lh¢ *IIIueS ¢qgally spaced between lbe nml_e5
defined _" the values pasg, d am shapemax lo _hapcmin and _..alcma_ tn soak-rain, rcspcclivel). The out-

pm writ_n to unit ,mmber 9 _:o_m_, of _ ¢olunms of aumber_ of fixed k-nlnh. _e number_ beinl the
par,tmeler, the ,a:ale paran_¢r, and the cak-ulm_l likelihood ratio. The output wrilten to uni_ num.

bet 10 consim od'thr_e colwm_ of nund_._ of fim_d Irnph. wl_r¢ tl_ numbers are the _hap_ paran'mter,

S¢,lSl¢p_'am_t_. It3d th,: ¢lleul.q_d jOi_t CO_fi_k"_e k*vel.
Data are n_caled within the tt_linc Io avmd ¢_ug*n_ v.a]m_s.

NOTI£: Confak-n¢c k'sels Ic. than 10 percent are wrinen to the output file a_ equal to 10 p¢_¢nt.
Conf_ k_'eh i_rc_r than 99.99 Ig*r¢_n! art _ritten to the output file as equal to 9999 percent.

Om_r _ eMh'd

**m_t/i

(h/dfllHSL romir_--_¢ D.15L _1997_: IMSL JJa rlllm_rcd tr,,dcttmrk of Visual Numerics. Inc.

g asACI'M--_02.211 I09 2_

u i I



._ll_ WI.O('d.V

k _ouline IOcalcmle_ d_e lol-likclib,'xxl valt_ M A _inlle hfe tee. Ca_ i'_ _llgd repe.a_ly, wilh
;ht oulpu_ _umrncd. Io cakula;e the joint los-likelihood value of a data _t

UQNle

mbrouline ,:.i_81,. (_c. sh. t. fail. llvJ

A_

lh

t

fail

[Iv

(real)
(reoJ)

(rcah

lilllel_e" )

(real!

Weihull scaleparan_etar (+nput_
Weibull shape p+ametet I'inp_l)
test tirrm (inpuu

flag indiealing test to failure of test censoredlinpul)
Iog-likelih_J valuta(outputJ

Colmm

For ,,'m_l_e fail. a value of 0 indicales a teq m failure _herea,_ a valu_ of I indicate, a teatsu._l_m_
without failure (type l _'mOrml_ !.

m_ mlled

NOII_

NAS_2OO2.211109
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_1.11 _110

A _brouti_ to ¢alcul_e tl_ nunx,rsor of a I_iaix_d r,_io of a _ xt usins ixc*lr_d Wtil_ll

sh_ _ _calc p_rarnctcrs.

subroutine _dratio _tirne. cen,r/r, n. _l_pe. Ntal¢, Is)

_'I_,IIIINN$

time lrenl arm) _
ccn_or ( int¢icr arna_")
n (int¢scr)

shape (real
KJd¢ ( t_al )

iv frcal)

array of din_sion Inl. tc_t tin_ (input)
arra)"of dimension [nJ, cerisorinll inforn_ion (inpul)
size of arra)' "cent,or" (input I

presumed Wcibull shal_ parameter (input)

pre_rned _eitmll Acsle patatrnctcr (input)
likelihood value, o: value of nun)erator (output_

For ma_ "cent, or." s valu_ of 0 indicates a tea to t'ailm s,hcn:_, ,, ,,|due of i indicates a lest sus-

pended _itboul failure flt,'l_t I cen_onn8 D.

Otlwr sdxouilms caUed

.'8ofh

hASA/T14--_IA/2-211109 3O
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W'MAXI_

A _r_t_ w _al_ulalc I1_ maximum lil_lilx-ed e_tin'm_ _Tk ,talc p_-ame-.crf_r a t_o-
pm'a_ W=ibull d_mhulion, for a pr_um_ ,hap_ nnd ¢_n_orcd data.

[,limp

wbro,_tinc .m_-//llm'¢_. ¢emor. n. sll,_l_, te._k:)

ArllltNmts

limes (real array)

_.n_ (mlc_ct aura)
(re, h

_ak (rcal l

arrayofditnen_ion [n], ,c_l lirnc_ tinput]
size o_array "ccnm_r" (input t

array of dimension [n]. ¢=ns(winl_ information linl_z)
calculal=d Wcibull dmp¢ ix_n_ter (output)
calculated Weibull _calc pm'_me_r (ou_m)

This romm¢ is Imted on lhe code l_bli_d by K4_I,. l.am'mnce. _ Wanl_ (I(FT;_. Ald_oul_ _rlu-
meritsate pa_,ed a_ ,inld¢ pmci_i(w_ caicuhmons wjlhin _ mbromine m'eclonein double precision.

For array "censor: a value of 0 indk:atcsa ,e,_ to failure whereas a vld_ of ] indicaz=_"-,_t sus.
pendcd widxxa failure (,yp= I ¢cnso_m 8).

The romi_e finds the maximum li_lilxxxl _'a|uc fur the drape pmln_er i|_atively, where Ib_ _b.ap_

pm-an_,¢r i, the too* of an eqnmio_. The romine i, _m_sid_r_d _mco_v_led if th= u4=p siz_ of ,he
Nc._m-Raph_m _ is k_ Urea0.000]. If the ro_in_ fails Io converge _flet lO0 ilcratiom, a line b
._l_'n In FORTRAN Uml numlxr I_.

Olber tbrmmmn edlld

,_nllt

IklASA/TbI--_UD2-211109 )I
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I_per.
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clo_ment that we provide, pe_y those not exhibiting
any of the above conditions, please fasi free to ©ontect our
Directorate of User _ at (703) 767-9066/9068 or
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